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(54) Combustion control apparatus for engine 

(57) A combustion control apparatus for an engine 
(1 ) having a variable valve timing mechanism (13a, 1 3b) 
is disclosed which is capable of varying valve timings of 
an exhaust valve (7) and an intake valve (6), which is 
adapted to establish a combustion mode to be either 
one of the following three modes, namely a four-cycle 
compression ignition combustion mode at a low and me- 
dium load area, a two-cycle spark ignition combustion 
mode at a high load area, and a four-cycle spark ignition 
combustion mode at a high speed area. Further, the ap- 
' paratus establishes the valve timings of the exhaust and 
intake valves (7, 6) so as to form a negative overlap pe- 
riod in which both exhaust and intake valves (7, 6) con- 
currently close in the neighborhood of the exhaust top 
dead center (TDC), when the combustion mode is es- 
tablished to be the compression ignition combustion 
mode and establishes the valve timings of the exhaust 
and intake valves (7, 6) so as to carry out a gas ex- 
change once per one revolution of the engine (1), when, 
the combustion mode is established to be the two-cycle 
spark ignition combustion mode. 
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Description 

BACKGROUND OF THE INVENTION ' 

1 . Field of the invention 

[0001] The present invention relates to a combustion 
control apparatus and more particularly to a control ap- 
paratus for varying a combustion mode according to en- 
gine operating conditions. 

2. Description of background arts 

[0002] it is well known that lean air-fuel mixture com- 
bustion is an effective means for raising thermal efficien- 
cy, of four cycle engines. The reason why lean mixture 
raises thermal efficiency is that it increases a ratio of 
specific heat capacities of working gas and provides an 
improved theoretical thermal efficiency. Also it is known 
that lean air-fuel mixture can reduce a pumping loss of 
an engine due to an increased intake air. 
[0003] However, lean air-fuel mixture combustion pro- 
vides an elongated combustion period of time and insta- 
ble combustion and therefore lean air-fuel mixture has 
a lean limit. A stratified charge combustion strategy, in 
which a rich air-fuel mixture is concentrated about a 
spark plug by stratifying the air-fuel mixture gas in a cyl- 
inder by means of an in-cylinderfuel injection method, 
is effective for raising this lean limit. However, the strat- 
ified charge combustion strategy has an disadvantage 
that since the rich air-fuel mixture is concentrated about 
the spark plug, nitrogen oxides (NOx) emissions in- 
crease. 

[0004] On the other hand, diesel engines have a high 
thermal efficiency due to the combustion by compres- 
sion ignition and have a high lean limit. However, the 
diesel engines have low outputs and sometimes emit a 
large amount of smokes due to an inferior rate of air uti- 
lization at high loads. 

[0005] To solve these problems, compression ignition 
gasoline engines in which air-gasoline mixture is ignited 
at multi-spots (multi-spots ignition) by an adiabatic com- 
pression, are proposed. The compression ignition gaso- 
line engines have an advantage that since theses en- 
gines have short flame propagations due to multi-spots 
ignition, a fast bum is realized. As a result, local high 
temperature spots are difficult to be produced in a com- 
bustion chamber and therefore emissions of. nitrogen 
oxides can be largely reduced. 
[0006] In order to accomplish the compression igni- 
tion, the compression ratio must be established at a val- 
utas high as 15:1 to 18:1 of compression ratio. When 
an engine operates at high loads, the combustion pres- 
sure rapidly increases due to an increased amount of 
fuel injected and as a result knocking is apt to occur. 
[0007] To solve this problem, Japanese Patent AppIN 
cation Laid-open No. Toku-Kai-Hei 9-287528 discloses 
a technique wherein the temperature of the combustion 



chamber is reduced by an external EGR effect or a tech- 
nique wherein the temperature of intake air is regulated 
by a cooling device provided in an EGR passage. 
[0008] The combustion control by the external EGR 
5 effect or the temperature of intake air has a dull re- 
sponse and therefore it is difficult to obtain a good follow- 
up ability to changing torques of the engine during 
traveling of the vehicle. 

[0009] Further, In order to avoid a knocking phenom- 
10 ena of the engine, there is an idea of introducing a so- 
called "miller cycle" in which an actual compression ra- 
tio is established to be smaller than an actual expansion 
ratio, however when the engine operates according to 
the miller cycle under a low speed and high load condi- 
15 tion, an insufficient amount of air is supplied to the com- 
bustion chamber, this leading to a decrease in torque. 

SUMMARY OF THE INVENTION 

20 [0010] In an engine having a high compression ratio 
to realize a compression ignition, it is an object of the 
present invention to provide a combustion control appa- 
ratus for an engine capable of avoiding an occurrence 
of knocking and a decrease of torque in a high load area 

25 and reducing exhaust emissions in an overall operating 
area. 

[001 1 ] To achieve the object, a combustion control ap- 
paratus for an engine having a variable valve timing 
mechanism capable of varying valve timings of an ex- 

30 haust valve and an intake valve, comprises a combus- 
tion mode establishing means for establishing a com- 
bustion mode to either of at least following two modes, 
a compression ignition combustionmode and a two-cy- 
cle spark ignition combustion mode according to an op- 

35 erational area of the engine and a valve timing estab- 
lishing means for establishing said valve timings of the 
exhaust and intake valves so as to form a negative over- 
lap period in which both exhaust and intake valves con- 
currently close in the neighborhood of the exhaust top 

40 dead center, when the combustion mode is established 
to the compression ignition combustion mode and for 
establishing the valve timings of the exhaust and intake 
valves so as to carry out a gas exchange once per one 
revolution of the engine, when the combustion mode is 
established to the two-cycle spark ignition combustion 
mode. 

BRIEF DESCRIPTION OF THE DRAWINGS 
so [0012] 

Fig. 1 is a schematic diagram showing an engine 
according to an embodiment of the present inven- 
tion; 

55 Fig. 2 is a flowchart showing a combustion control 
routine; 

Fig. 3 is an explanatory diagram showing an oper- 
ational map of an engine; 



3 



EP 1 234 960 A2 



4 



Fig. 4a is an explanatory diagram of an engine in a 
four cycle compression ignition combustion mode; 
Rg. 4b is an explanatory diagram of an engine in a 
two cycle spark Ignition combustion mode; and 
Fig.. 4c is an explanatory diagram of an engine in a 
four cycle spark ignition combustion mode. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0013] Referring now to Fig. 1 , reference numeral 1 
denotes an engine, reference numeral 2 denotes a pis- 
ton, reference numeral 3 denotes a combustion cham- 
ber, reference numeral 4 denotes an intake port, refer- 
ence numeral 5 denotes an exhaust port, reference nu- 
meral 6 denotes an intake valve, reference numeral 7 
denotes an exhaust valve, and reference numeral 8 de- 
notes an intake passage. Amechanical type super- 
charger 30 is disposed in the intake passage 8 of the 
intake port 4. Further, there is provided a throttle valve 
(not shown) upstream of the supercharger 30. The throt- 
tle valve is interlocked with an electronic throttle control 
apparatus (not shown). Further, an injection nozzle of a 
fuel injector 11 is provided in the center of a ceiling sur- 
face of the combustion chamber 3. Further, a piston cav- 
ity 2a which is inwardly concave is formed on the top 
surface of the piston 2. Further, an electrode of a spark 
plug 12 is. provided on one side (squish area according 
to this embodiment). In Fig. 1 , reference numeral 1 6 de- 
notes a knock sensor and reference numeral 1 7 denotes 
a coolant temperature sensor. 
[001 4] Further, an oxygen sensor 1 8 is disposed in an 
exhaust passage 28 connecting to the exhaust port 5 
and a three-way catalyst 29 is installed downstream of 
the oxygen sensor 1 8. The oxygen sensor 1 8 is a means 
for detecting air-fuel ratio and the three-way catalyst 29 
is for purifying carbon mono-oxide (CO), hydrocarbons 
(HC) and nitrogen oxides (NOx). 
[0015] As will be described hereinafter, in case of the 
engine 1 , when the engine operates at low or medium 
speeds and operates at low and medium loads, the com- 
bustion mode can be established to a four-cycle com- 
pression ignition combustion with ultra-lean air-fuel ra- 
tio. In this case, accordingto the four-cycle compression 
ignition combustion, since the combustion temperature 
can be retained below the temperature of NOx forma- 
tion, NOx emissions are very small. Furthermore, since 
excess air ratio is high, the three-way catalyst 29 purifies 
CO and HC in exhaust gas by oxidization. That is, in this 
case, the three-way catalyst 29 acts as an oxidization 
catalyst. 

[0016] Further, the engine 1 is established to a com- 
pression, ratio as high as around 15:1 to 18:1. 
[0017] Further, the intake vale 6 and exhaust valve 7 
are driven by variable valve timing mechanisms 13a, 
13b respectively. These variable valve timing mecha- 55 
nisms 13a, 13b are constituted by known electromag- 
netically operated valves capable of arbitrarily control- 
ling valve opening and closing timings. 



[0018] Referring to Fig. 3; according to the embodi- 
ment, the engine operational map is divided into three 
zones, a four-cycle compression ignition combustion 
zone covering low and medium speeds areas and low 
and medium loads areas, a two cycle spark ignition com- 
bustion zone covering low and medium speeds areas 
and high loads areas, and a four cycle spark ignition 
combustion zone covering high speeds areas. The in- 
take and exhaust valves operate at different timings for 
each driving zone. Since this engine is established to 
have a characteristic giving priority to compression ig- 
nition combustion, knocking easily occurs. To avoid this, 
when the engine operates at low and medium speeds 
and high loads areas, it is established to a two-cycle op- 
eration mode in which an actual compression ratio (ratio 
of stroke volume since intake valve closes until piston 
reaches the top dead center to a volume of combustion 
chamber when piston is at the top dead center) is re- 
duced. The two-cycle operation brings about not only a 
prevention of knocking but also a stabilization of com- 
bustion. 

[0019] That is, in the four-cycle compression ignition 
zone as shown in Fig. 4a, when the exhaust valve 7 clos- 
es at an crank angle advanced over the exhaust top 
dead center (TDC) and the intake valve 6 opens at an 
crank angle retarded over the exhaust top dead center 
(TDC), a negative valve overlap period wherein both 
valve 6, 7 close at the neighborhood of the exhaust top 
dead center (TDC) is formed. The timing of closing of 
the exhaust valve 7 is established to be almost symmet- 
ric to the timing of opening of the intake valve 6 with the 
exhaust top dead center (TDC) between. 
[0020] Further, in the two-cycle spark ignition com- 
bustion zone as shown in Fig. 4b, when the exhaust 
valve 7 and intake valve 6 open every one revolution of 
the engine and one gas change is performed every one 
revolution of the engine, the supercharged charge en- 
ters into the combustion chamber 3 through the intake 
valve opening in the latter part of the expansion exhaust 
stroke and the burned gas is scavenged by the chrge. 
[0021] Further, in the four-cycle spark ignition com- 
bustion zone, as shown in Fig. 4c, when the exhaust 
valve 7 and intake valve 6 open once respectively every 
two revolutions of the engine, a positive valve overlap 
period in which both valves 6, 7 open in the neighbor- 
hood of the exhaust top dead center (TDC) is formed. 
Then, a miller cycle operation is available by retarding 
the closing timing of the intake valve 6. 
[0022] Signals sensed by the respective sensors are 
inputted to an electronic control unit (ECU) 20. The ECU 
20 is amicro-computer constituted by CPU 21 , ROM 22, 
RAM 23, an input port 24, an output port 25, a bus line 
26 and the like. 

[0023] Besides those sensors, the input port 24 is 
connected with a crank angle sensor 31 that generates 
crank pulses every specified crank angle and is also 
connected with a load sensor 33 that generates an out- 
put voltage corresponding to the amount of depression 
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of an accelerator pedal 32 through an A/D converter 34. 
Further, the output port 25 is connected with the variable 
valve train mechanisms 13a, 13b through an intake 
valve actuating circuit 36a, an exhaust varve actuating 
circuit 36b, respectively. Further, the output 25 is con- 5 
nected with the spark plug 12 through an ignition drive 
circuit 36c and is connected with the fuel injector 11 
through an injector drive circuit 36d. 
[0024] A bypass passage (not shown) bypassing the 
mechanical supercharger 30 is provided in the intake to 
passage 8 and a boost pressure control valve (not 
shown) for controlling a boost pressure is provided in 
the bypass passage. Further, an actuator for actuating 
the boost pressure control valve Is connected with the 
output port 25 through a drive circuit. The boost pres- *5 
sure control valve is designed so as to open when the 
engine operates at high speeds and at high loads. When 
the boost pressure control valve opens, the boost pres- 
sure goes down and as a result abnormal combustion 
such as knocking can be prevented. 20 
[0025] The ECU 20 investigates an operation zone 
map based on an engine speed Ne calculated from a 
signal of the load sensor 33 and an engine load Lo de- 
tected from a signal of the load sensor 33 to judge 
whether the current operation of the engine is either in 25 
a four-cycle compression ignition combustion zone, in 
a two-cycle spark ignition combustion zone or in a four- 
cycle spark ignition combustion zone. When the opera- 
tion of the engine is in the four-cycle compression igni- 
tion combustion zone, the throttle valve fully openes and 30 
the valve timing is changed. As a result, the intake air is 
heated by residual gas shut in the combustion chamber 
3 during the negative overlap period and the tempera- 
ture of the intake air rises. Thus, an optimum compres- 
sion ignition combustion is obtained by adiabatic com- 35 
pression. 

[0026] Further, when the operation of the engine is in 
a two-cycle spark ignition combustion zone, the intake 
valve 6 and exhaust valve 7 are designed so as to open 
in the neighborhood of the bottom dead center (BDC). *6 
As a result, air intake and scavenging are performed by 
boost pressure of the mechanical supercharger 30 and 
the two-cycle spark ignition combustion is available. 
Even when the compression ratio is relatively high (for 
example, 15:1 to 18:0), a good combustion can be ob- 45 
tained, while knocking is prevented from occurring and 
the reduction of torque is avoided. . 
[0027] Further, when the operation of the engine 1 is 
in a four-cycle spark ignition zone, the boost pressure 
is adjusted by controlling the aforesaid boost pressure so 
control valve. As a result, abnormal combustion such as 
knocking can be prevented and high output is obtained 
by the normal spark ignition combustion control. 
[0028] The fuel injection control, the ignition timing 
control and the valve timing control, which are proc- 55 
essed in the ECU 20, are executed according to the 
combustion control routine shown in Fig. 2. 
[0029] According to the routine, first at a step S1 , it is 



investigated whether the engine 1 operates in either of 
the four-cycle compression ignition combustion zone, 
two-cycle spark ignition zone orf our-cycle spark ignition 
combustion zone by referring to an operation zone map 
shown in Fig. 3 based on engine speed Ne and engine 
load Lo. When the engine 1 operates in a four-cycle 
compression ignition combustion zone, the program 
goes to a step S2. When the engine 1 operates in a two- 
cycle spark ignition combustion zone, the program goes 
to a step S5. When the engine 1 operates in a four-cycle 
spark ignition combustion zone, the program goes to a 
step S7. According to. the embodiment, as shown in Fig. 
3, the four-cycle compression ignition combustion zone 
is established at an area of low and medium speed and 
low and medium load, the two-cycle spark ignition com- 
bustion zone is established at an area of low and medi- 
um speed and high load, and the four-cycle spark igni- 
tion combustion zone is established at an overall area 
of high speed. 

[0030] When the program goes to the step S2, the 
throttle valve 9 fully opens. Then, at a step S3, an drive 
signal of valve timing is outputted to the variable valve 
timing mechanisms 13a, 13b such that the intake and 
exhaust valves 6, 7 form a negative overlap period cov- 
ering the neighborhood of the exhaust top dead center 
(TDC). 

[0031] As a result, as shown in Fig. 4a, a residual gas 
is shut in the combustion chamber 3 during the negative 
overlap period. The thermal energy of the residual gas 
heats up a fresh air sucked into the combustion chamber 
3 during intake stroke and raises the temperature of the 
fresh air. As a result, since the mixture gas temperature 
at the start of compression stroke already becomes 
high, the mixture gas in the combustion chamber 3 can 
easily reaches the ignitable temperature through an ad- 
iabatic compression. 

[0032] Next, the program goes to a step S4 where the 
combustion based on compression ignition is performed 
and leaves the routine. In the compression ignition com- 
bustion control, since the throttle valve fully opens and 
the engine operates at low load, the air-fuel ratio is in a 
lean condition. Fuel is injected at a specified timing. 
Since the mixture gas easily reaches the ignitable tem- 
perature, the compression combustion is performed ac- 
cording to a multi-spots ignition combustion (homoge- 
neous compression ignition combustion) wherein an 
overall mixture gas is simultaneously ignited without 
flame propagation, like by an infinite number of spark 
plugs. 

[0033] Further, when it is judged that the engine op- 
eration is in a two-cycle spark ignition combustion zone 
and the program goes to the step S5, a drive signal for 
opening the intake and exhaust vales 6, 7 in the neigh- 
borhood of the bottom dead center (BDC) is outputted . 
to the variable valve timing mechanisms 13a, 13b, re- 
spectively. As a result, as shown in Fig. 4b, first the com- 
bustion gas is discharged through the exhaust valve 7 
in the latter half of the expansion and exhaust stroke. 
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Next, the intake valve 6 opens to supply fresh gas boost- 
ed by the supercharger 30 to the combustion chamber 
3 and at the same time the residual combustion gas in 
the combustion chamber 3 is scavenged by the fresh 
air. When the piston passes the bottom dead center 
(BDC), fist the exhaust valve 7 closes and then the in- 
take valve 6 closes. Thus, the engine enters into a com- 
pression stroke to start a two-cycle operation. 
[0034] Next, the program goes to a step S6 wherein 
the two-cycle spark ignition combustion control is exe- 
cuted and leaves the routine. In this two-cycle. spark ig- 
nition combustion control, the throttle valve 9 is returned 
to an interlocking operation with the accelerator pedal 
32 and the engine operates with a specified air-fuel ratio 
established by engine speed Ne and engine load. When 
the engine operates at low and medium speed area and 
at high load area, although the compression ratio is as 
high as 15:1 to 18:1 ; knocking is prevented from occur- 
ring due to a reduced actual compression ratio. As a re- 
sult, a stable combustion can be obtained without expe- 
riencing a reduced torque. 

[0035] When it is judged that the engine operation is 
in a four-cycle spark ignition combustion zone and the 
program goes to the step S7, a drive signal of valve tim- 
ing for forming a positive overlap period during which 
both exhaust and intake valves 7, 6 open in the neigh- 
borhood of the top dead center (TDC) and at the same 
time for retarding the valve closing timing of the intake 
valve 6 such that the actual compression ratio becomes 
smaller than the actual expansion ratio, is outputted to 
the variable valve timing mechanisms 13a, 13b. As a 
result, in this four-cycle spark ignition combustion zone, 
a miller cycle operation is performed. 
[0036] Next, the program goes to a step S8 wherein 
a four-cycle spark ignition combustion control is execut- 
ed, leaving the routine. In this four-cycle spark ignition 
combustion control, first the throttle valve 9 is returned 
to an interlocking operation with the accelerator pedal 
32 and the fuel injection amount, the fuel injection tim- 
ing, the ignition timing and the like are returned to values 
of normal spark ignition combustion control (see Fig. 
4c). Further, the boost pressure is regulated by control- 
ling the boost pressure control valve provided in the by- 
pass passage. Detailed description of the control is 
omitted because of known arts. 
[0037] Thus, according to the present invention, in an 
engine whose compression ratio is established to a val- 
ue as high as 15:1 to 18:1, the four-cycle compression 
ignition combustion is carried out at a low and medium 
load area, the two-cycle spark ignition combustion is 
carried out at a high load area, and the four-cycle spark 
ignition combustion is carried out at a high speed area. 
Further, at a high speed area, a miller cycle is realized 
by changing the valve timings. As a result, the engine 
can obtain a high thermal efficiency, a high knocking re- 
sistance, and a good emissions performance. 
[0038] While the present invention has been dis- 
closed in terms of the preferred embodiment in order to 



facilitate better understanding of the invention, It should 
be appreciated that the invention can be embodied in 
various ways without departing from the principle of the 
invention. Therefore, the invention should be under- 
5 stood to include all possible embodiments which can be 
embodied without departing from the principle of the in- 
vention. 



10 Claims 

1. A combustion control apparatus for an engine (1) 
having a spark plug (12), a fuel injector (11) for sup- 
plying fuel to a combustion chamber (3) and a var- 

is iable valve timing mechanism (1 3a, 1 3b) capable of 
varying valve timings of an exhaust valve (7) and 
an intake valve (6), 

characterized In that combustion mode establish- 
ing means (20) are provided and adapted to estab- 

20 lish a combustion mode to be either one of at least 
the following two modes: a compression ignition 
combustion mode and a two-cyclespark ignition 
combustion mode, according to an operational area 
of the engine (1) ; 

25 and in that the valve timing establishing means 
(13a, 13b) are adapted to establish the valve tim- 
ings of the exhaust and intake valves (7, 6) so as to 
form a negative overlap period in which the both ex- 
haust and intake valves (7, 6) concurrently close in 

30 the neighborhood of the exhaust top dead center, 
when the combustion mode is established to be the 
compression ignition combustion mode, and to es- 
tablish the valve timings of the exhaust and intake 
valves (7, 6) so as to carry out a gas exchange once 

35 per one revolution of the engine (1 ), when the com- 
bustion mode is established to be the two-cycle 
spark ignition combustion mode. 

2. The apparatus according to claim 1 , 

40 characterized in that the combustion mode is es- 
tablished to be the compression ignition combus- . 
tion mode when the operational aera of the engine 
(1 ) is a low and medium load area, and the combus- 
tion mode is established to be the two-cycle spark 

45 ignition combustion mode when the operational ar- 
ea of the engine (1 ) is a high load area. 

3. The apparatus according to claim 1 , 
characterized In that the combustion mode is es- 

50 tablished to be a four-cycle spark ignition combus- . 
tion mode when the operational area of the engine 
(1) is a high speed area, 

4. The apparatus according to claim 3, 

55 characterized In. that the valve timing establishing 
means (1 3a, 1 3b) include means (36a) for retarding 
a valve closing timing of the intake valve (6) such 
that an actual compression ratio is smaller than an 
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actual expansion ratio when the combustion mode 
is established to be the four-cycle spark ignition 
combustion mode. 

The apparatus according to any of claims 1 to 4, s 
characterized in that the fuel injector (11) is an in- 
cylinder Injection type fuel injector (11) for directly 
injecting fuel into a cylinder (3). 
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